Using isentropic coordinates in atmospheric models has the advantage of eliminating the cross-coordinate vertical mass flux for adiabatic flow, and virtually eliminating the associated numerical error in the vertical transport. This is a significant benefit since much of the flow in the atmosphere is approximately adiabatic. Nonadiabatic processes, such as condensational heating, result in a nonzero vertical velocity _ u in isentropic coordinates. A method for incorporating condensational heating into a nonhydrostatic atmospheric model based on a hybrid isentropic-sigma vertical coordinate is presented. The model is tested with various 2D moist simulations and the results are compared with those using a traditional terrain-following, height-based sigma coordinate. With the hybrid coordinate, there are improvements in the representation of the developing cloud field in a mountain wave experiment. In a simulation of deep convection, the adaptive hybrid coordinate successfully simulates the turbulent nature of the convection, while maintaining the quasi-Lagrangian nature of the isentropic coordinate in the surrounding dry air. The vertical cross-coordinate mass flux is almost zero in the environmental air, as well as in the stratosphere above the convective tower.
Introduction
Atmospheric models based on isentropic and hybridisentropic vertical coordinates have been well documented (e.g., Bleck 1984; Hsu and Arakawa 1990; Konor and Arakawa 1997; Benjamin et al. 2004) . Recently, these coordinates have been implemented in nonhydrostatic models (e.g., Skamarock 1998; He 2002; Zä ngl 2007; Toy and Randall 2009 ). An advantage of using the quasiLagrangian u coordinate is that for adiabatic flow, the cross-coordinate vertical mass flux is zero, which virtually eliminates the associated numerical error in the vertical transport. This is a significant benefit since much of the flow in the atmosphere is approximately adiabatic. Nonadiabatic processes, such as condensational heating, result in a nonzero vertical velocity _ u in isentropic coordinates. As pointed out by Konor and Arakawa (2000) , the direct relationship between diabatic heating and the vertical mass flux makes the treatment of condensational heating in u-coordinate models fundamentally different from that of Eulerian-coordinate models based on pressure or height. In this paper, we present a method for incorporating condensational heating into the nonhydrostatic, hybridisentropic-coordinate model developed in Toy and Randall (2009) 
Explicitly representing clouds on finescale grid cells and dealing with the latent heat release from vertical motion is a challenge for nonhydrostatic modeling with the isentropic coordinate. In a z-coordinate model, condensational heating directly influences only the thermodynamic variable (e.g., u), so that consistency between the heating (determined by the change in cloud amount computed by the microphysics algorithm) and the predicted thermodynamic state is readily attained. However, in u coordinates, all of the prognostic equations are coupled through the vertical advection induced by heating. We demonstrate that this coupled system can be solved, but that an unstable computational mode in the vertical mass flux is supported. It is likely possible to eliminate the computational mode, but a question arises: Is there actually an advantage to using isentropic coordinates to model moist-adiabatic processes? Inside a cloud, is the crosscoordinate mass flux in u coordinates (caused by the latent heat release Q) less than that in z coordinates (caused by the vertical motion w)? It turns out that they are identical in a specific case. Therefore, the advantage inherent with u coordinates in adiabatic flow does not necessarily transfer to cloudy environments.
We have developed a method to simplify the solution for incorporating condensational heating into the model, as well as maintaining the quasi-Lagrangian characteristics of the vertical coordinate in cloudy air. In this method, we relax the requirement that the potential temperature remain constant on coordinate surfaces. The model equations are written in a generalized vertical coordinate, where geopotential height and potential temperature are independently predicted. We specify as zero the vertical mass flux due to latent heat release, so there is no vertical displacement due to heating, and the only variable affected is the potential temperature. The handling of latent heating is then similar to that of z-coordinate models. In the process, the computational mode mentioned above is avoided. After the clouds dissipate, the coordinate surfaces are gradually relaxed back toward their target isentropes.
The paper is organized as follows. Section 2 gives a review of the model equations in a generalized vertical coordinate and the diagnosis of the generalized vertical velocity. In section 2c the method for incorporating condensational heating is presented. Section 3 describes the model results, which include gravity wave cloud formation and two idealized convection experiments. The simulations are carried out with both the hybrid vertical coordinate and a terrain-following s vertical coordinate, and the results are compared. A summary and conclusions are provided in section 4. In the appendix, we show results of an attempt to simulate a moist convective thermal while maintaining isentropic coordinates, but encountering the computational mode discussed above.
System of equations a. Governing equations
The model solves a finite-difference form of the compressible, nonhydrostatic Euler equations in a generalized vertical coordinate h as described in Toy and Randall (2009, hereafter TR09) . In that paper, the model was developed and tested for dry air. This paper extends the model to include moist condensation processes but, for simplicity, we will neglect the mass of the moisture. Here, we review the continuous form of the governing equations from TR09, beginning with the mass continuity equation given by
where the time derivative and horizontal-gradient operator $ are evaluated on constant-h surfaces, _ h [ Dh/Dt is the generalized vertical velocity, v is the horizontal velocity, and m is the pseudodensity defined by
where r is the dry air density and z is geopotential height. The potential temperature is given by
where c p is the specific heat of dry air at constant pressure, T is temperature, and P is the Exner function defined by P [ c p (p/p 0 ) k , where p is pressure, p 0 is a reference pressure, and k [ R/c p , where R is the gas constant of dry air. The thermodynamic energy equation can be written in terms of the potential temperature u as
where Q is the diabatic heating rate. From the definition of the vertical velocity, w [ Dz/Dt, we can write the prognostic equation for geopotential height as
where the material time derivative operator in h coordinates is
The horizontal momentum equation is
where f is the Coriolis parameter, k is the vertical unit vector, and F is the horizontal friction force. The vertical momentum equation is
where g is gravity and F z is the vertical component of the friction force. Finally, the equation of state for an ideal gas is written as
b. Review of the generalized vertical velocity diagnosis
One of the key conceptual features of the system of equations is that the generalized vertical velocity _ h can be arbitrarily specified, as long as the following monotonicity requirement is met: that the geopotential height z remains a monotonic function of h, that is, that ›z/›h does not change sign anywhere in the domain. This allows for the option to zero out the generalized vertical velocity and obtain the quasi-Lagrangian system (Starr 1945) . Konor and Arakawa (1997, hereafter KA97 ) used a hybrid u-s vertical coordinate in a hydrostatic model and designed a method to diagnose the generalized vertical velocity to maintain the relationship
through the appropriate vertical advection of u and the variables that determine s, a terrain-following coordinate.
The starting point for their vertical velocity diagnosis is
which comes from differentiating (9) with respect to time and noting that h, the independent vertical coordinate, is constant in time. Near the surface, _ h is proportional to the Eulerian vertical velocity _ s, and it transitions with height to _ u in the free atmosphere. The thermodynamic energy equation (4) can be written _ u 5 Q/P, where Q is the diabatic heating rate. For adiabatic processes, the thermodynamic energy equation simply reduces to _ u 5 0, which is one of the advantages of the quasi-Lagrangian isentropic coordinate (Bleck 1984; Hsu and Arakawa 1990; KA97; Benjamin et al. 2004; TR09) .
Hybrid-coordinate models based on the vertical coordinate of KA97 include Heikes et al. (2006) , Dowling et al. (2006) , and Palotai and Dowling (2008) . The vertical coordinate used in TR09 and in the present model is also based on KA97, but with a modification to the diagnosis of _ h that results in an adaptive vertical grid. This allows layers with unstable lapse rates to be represented in the nominally isentropic-coordinate domain. In concept, the procedure allows mass to cross model coordinate surfaces, instead of keeping them materially attached to the fluid, as needed, to keep the surfaces smooth and evenly distributed in the vertical. The smoothing of coordinate surfaces is a ''regridding'' process, similar to those used in other quasi-Lagrangian coordinate models (e.g., Bleck and Benjamin 1993; Benjamin et al. 2004; Zä ngl 2007; Bleck et al. 2010) . As a result, the relationship F(u, s) 5 h is not strictly satisfied everywhere, but instead h serves as a target for F. The variable F(u, s) is relaxed back toward its target coordinate value h on a time scale longer than that of the smoothing process. The starting point for the vertical velocity diagnosis, which is a modification of (10), is written
where t rel is a relaxation time constant and _ h S is the smoothing contribution to the generalized vertical velocity. Note that where F(u, s) 5 h, and no smoothing is required, (11) reduces to (10) and _ h is the same as that obtained in KA97.
Using the chain rule of differentiation, the lhs of (11) can be written
By combining (4), (5), (11), and (12), and the definition of the height-based, terrain-following coordinate s, given by
the generalized vertical velocity can be written as
where
This is referred to in TR09 as the ''target seeking'' contribution to _ h that maintains F(u, s) at (or relaxes it toward) its target value of h. If we designate the contribution to the adiabatic heating rate by condensational processes as Q cond , then the corresponding contribution to the generalized vertical velocity is
For u coordinates, (16) gives _ h cond 5 Q cond /P, while for s coordinates, it gives _ h cond 5 0. The actual form of the variable F(u, s) used in the model is given by
where the functions f(s) and g(s) are chosen such that
In the model, we use
and
where u min is a suitably chosen parameter representing a lower bound of the potential temperature and r is a constant greater than one. The thickness of the Eulerian s-like domain near the surface can be controlled by the value of r: the larger its value, the nearer the surface the coordinate becomes fully isentropic. The generalized vertical velocity contribution required to smooth the model coordinate levels, through adjustment of the geopotential height field via vertical advection, is given by
where the two terms in brackets are height tendencies due to horizontal and vertical smoothing. The horizontal smoothing tendency in the current model is expressed as a conditional diffusion of the height field by ›z ›t
where k 4horiz and k 2horiz are constant diffusion coefficients and (= 4 z) max and (= 2 z) max are selected thresholds, below which no smoothing occurs, such as in regions where isentropic surfaces smoothly vary. The = 4 smoothing term acts primarily on the smallest resolvable horizontal scales and has only a small effect on larger scales. Numerical stability requirements limit the magnitude of the k horiz coefficients and, therefore, the effectiveness of the smoothing. The = 2 smoothing term was added to more aggressively act on larger scales if needed. Note that the larger the specified (= 4 z) max and (= 2 z) max thresholds, the smaller the resulting vertical mass flux across coordinate surfaces, and the more ''quasi-Lagrangian'' the coordinate behaves. It is desirable to have only the = 4 smoothing active when possible, since it induces a vertical mass flux in localized regions. We achieve this by selecting the (= 4 z) max and (= 2 z) max thresholds so that as an atmospheric disturbance develops, the smoothing becomes active in a cascading manner-the = 4 smoothing acting first, followed by the = 2 smoothing, if needed. In section 3, we show results of experiments on multiple spatial scales, but with the smoothing thresholds specified the same. This demonstrates that the smoothing parameters do not necessarily have to be ''retuned'' for every simulated case.
The vertical smoothing tendency in (20), which is designed to keep model layer thicknesses in a given column from becoming too irregularly spaced, is expressed in vertical difference form as ›z ›t
is the relative difference in the thickness of adjacent layers, k is the model level index (geopotential heights are located at half-integer levels), and k vert is a constant diffusion coefficient.
c. A modification to the generalized vertical velocity diagnosis incorporating condensational heating
In TR09 the model was tested with dry-adiabatic cases. The next step in the model development was to incorporate condensational heating Q cond through a simple moisture parameterization, in which cloud formation is explicitly represented on the grid scale. Our original intention was to maintain isentropic coordinate surfaces in the presence of heating by applying the appropriate vertical mass flux equal to m _ u 5 mQ cond /P. However, this involves solving a simultaneous, coupled system of equations in each column since the vertical mass flux influences all the prognostic variables, which influences the final state, the latent heat release, and in turn the vertical mass flux. In practice, there turned out to be an unstable computational mode, which prevented successful model integrations. The results of this initial experiment are shown in the appendix. A solution to the above problem is to prescribe a zero vertical mass flux associated with the condensation process, that is, to let _ h cond 5 0, instead of requiring (16). Then, the effects of condensational heating only involve the thermodynamic energy in (4), and the system becomes uncoupled from the other prognostic equations since there is no vertical advection associated with the heating. The solution procedure is similar to that of Eulerian coordinate systems such as z or s. The generalized vertical velocity is then diagnosed from a modified form of (11), which is
where Q cond now causes F(u, s) on coordinate surfaces to change in the isentropic-coordinate domain. As a result, the coordinate is not purely isentropic in the presence of latent heating. Instead, it behaves more like a quasi-Lagrangian coordinate, with the desired result of reducing the vertical mass flux as much as possible. The contribution to _ h calculated explicitly by the first term on the rhs of (23) relaxes F back toward h by vertical advection. Therefore, condensational heating indirectly induces a vertical mass flux that gradually returns the coordinate surfaces to their target isentropes.
We represented moist processes in the simplest manner possible to more easily analyze the effects of incorporating latent heat release on the behavior of the hybrid-coordinate model. Despite its simplicity, we anticipate that the method uncovered most of the complications involved with the coupling of the latent heating and the vertical mass flux, a characteristic of isentropic coordinates. Implementation of a more realistic representation of moisture, such as the inclusion of the virtual temperature effect, precipitation, and ice-phase microphysics, should not present significant difficulties. In the model we predict the total moisture mixing ratio q T , which we treat as a conserved variable (i.e., with no sources or sinks due to evaporation or precipitation). This is expressed in flux form as
Only two phases are considered: water vapor and liquid cloud water, with mixing ratios q y and q c , respectively. These are related to the total mixing ratio by
The conversion between the vapor and cloud water phases is assumed to occur reversibly, and the cloud water has the same velocity as the air. The cloud water is diagnosed as the moisture in excess of the saturation vapor mixing ratio q sat ; that is,
Equation (27) is an approximation based on the assumption p ) e sat , where e sat is the saturation vapor pressure. The expression for the saturation vapor pressure used in the model is from Bolton (1980) . As described in TR09, the vertical staggering used in the model follows the Charney-Phillips (CP) grid (Charney and Phillips 1953) , which places the potential temperature at layer edges, staggered with respect to the mass and horizontal velocity variables. The vertical differencing scheme conserves mass and total energy under adiabatic processes for the case of h 5 z (height coordinates). The staggering of the moisture variables with respect to potential temperature affects whether or not the latent heat release needs to be vertically averaged in the thermodynamic energy equation. Konor and Arakawa (2000) determined that there are advantages to collocating the moisture and thermodynamic variables (at layer edges) in an isentropic model. These include the avoidance of a computational mode due to the decoupling of the condensation process and the latent heating, as well as a more realistic representation of the effects of condensation on vertical linear wave propagation. In our model, we chose to place moisture at layer edges along with the potential temperature, and we use the moisture continuity equation applied to layer edges developed in Konor and Arakawa (2000) . This is consistent with the dry-air continuity equation applied at model layers, and results in the conservation of total moisture, consistent with (24).
At each time step, the generalized vertical velocity is diagnosed, the prognostic variables are predicted, and the thermodynamic equation (4) is solved in discrete form for the dry, adiabatic processes, as in TR09. If condensational heating occurs, then the potential temperature is modified accordingly. We express the vertically and temporally discrete form of the condensational heating, Q cond 5 LDq c /Dt, where L is the latent heat of vaporization, as
where Dt is the time step length and n is the time-step index. This is an implicit formulation due to the n 1 1 value of q c on the rhs, which is solved to be consistent with the potential temperature at time level n 1 1 solved in (4).
Results
To test the model, we performed high-resolution, 2D moist simulations of flows in which turbulence typically develops. Parallel runs were made using the hybrid vertical coordinate and the Eulerian s coordinate to compare the flow and cloud fields, and to analyze the behavior of the adaptive grid in the presence of latent heating and turbulence. The following three test cases are presented: 1) the 11 January 1972 Boulder, Colorado, windstorm; 2) an idealized thermal rising in a saturated, moist neutral environment; and 3) an idealized deep convective cloud developing in a tropical environment.
a. 11 January 1972 Boulder, Colorado, windstorm
The 11 January 1972 Boulder, Colorado, windstorm experiment is based on Doyle et al. (2000) . In TR09 the hybrid-coordinate model was tested under dry, adiabatic conditions. In the present test, the model is initialized as in TR09, but with the addition of the moisture reported from the upstream 1200 UTC 11 January Grand Junction, Colorado, sounding. The horizontal domain is 220 km in extent with periodic lateral boundary conditions, and the horizontal grid spacing is Dx 5 1 km. The model top is a rigid lid at z 5 48 km. In the lowest 35 km, the vertical grid is evenly spaced, while above this, the layer thickness gradually increases with height. There is no absorbing layer in the model to suppress wave reflection off the upper boundary. However, within the time period of the experiment, this does not adversely affect the results in the lowest ;25 km of the domain due to the sufficiently elevated model top, as well as the wave absorption inherent in the vertical stability profile. There are a total of 205 levels, with 175 of these in the lowest 35 km, giving an average vertical grid spacing of 200 m in this domain. The same number of levels is used in both the hybrid-coordinate and s-coordinate simulations.
The hybrid vertical coordinate parameters of (17)-(19) are specified as u min 5 270 K and r 5 16. As a result, the hybrid coordinate is primarily isentropic above z 5 10 km. As for the grid-smoothing parameters shown in (21) and (22) , and k vert 5 1000 m s 21 . The relaxation time constant in (11) is set at t rel 5 1800 s. Note that with the exception of the horizontal smoothing diffusion coefficients (k horiz ), the specified smoothing parameters are the same in all three experiments shown in this section. The k horiz coefficients FIG. 1. Cloud water mixing ratio (colored contours) and isentropes (black contours) at t 5 (a) 4000 and (b) 8000 s obtained from a hybrid-vertical-coordinate simulation of the 11 Jan 1972 Boulder windstorm. The isentropic contour interval is 5 K.
are the maximum allowable for numerical stability, which depends on the horizontal grid spacing.
The initial atmospheric conditions are horizontally uniform and unsaturated. As air rises over the mountain, layered clouds form above the windward slope, which resemble lenticular clouds associated with actual mountain waves (Fig. 1) . Clouds also develop in the rising air of the hydraulic jump and lee waves downstream of the mountain. When compared to the dry simulations of TR09, the effect of the observed moisture field on the wave structure is not significant. This is consistent with the results of Durran and Klemp (1983) . Figure 1 shows the potential temperature and cloud fields at two different times for the hybrid-vertical-coordinate simulation. These compare well with the results of a simulation made with the Weather Research and Forecasting model (WRF; Skamarock et al. 2005) , as well as those of the s-coordinate version of the model (not shown).
There are differences in the details of the cloud development between the hybrid-and s-coordinate versions of the model that are worth noting. Figure 2 shows a close-up view of the moisture fields near the mountain at 20 min into the simulation. The flow at this point is still laminar and no vertical mass flux has been applied to smooth the hybrid-coordinate surfaces; therefore, the vertical mass flux across the coordinate surfaces in the hybrid-coordinate model is smaller than that of the s-coordinate model (but not zero since the coordinate it is not completely isentropic below ;10 km). This results in a difference in the cloud mixing ratio q c and total water mixing ratio q T fields shown in Fig. 2 . There is a sharper gap between the two cloud layers on the windward side of the mountain and the clouds are wetter in the hybrid-coordinate run. While the true solution is not known, one can argue that the hybrid-coordinate results are more physically accurate by comparing the q T fields. Since there is no precipitation, the total moisture is conserved and the initial moisture profile should be preserved. In Figs. 2c and 2d there is a thin dry layer at z 5 3 km, topped by a thin layer of moisture, which corresponds to the double-layer cloud feature. With the s coordinate, the moisture is more diffused as a result of a larger numerical error associated with vertical advection. This effect was also shown in the passive-tracer experiments of TR09. 
b. Idealized thermal in a saturated, moist neutral environment
A challenging test for the model is to simulate a disturbance in a moist saturated environment, in which rising motion anywhere in the domain induces latent heating due to condensation. Bryan and Fritsch (2002, hereafter BF02 ) designed a benchmark test for moist nonhydrostatic models, which is the simulation of an idealized thermal rising in a saturated, moist neutral environment, which is initially at rest. The grid spacing used in the experiment is 100 m in both the horizontal and vertical. The horizontal domain is 20 km, with periodic boundaries, and the model top is a rigid lid at a height of 10 km. The surface is at constant height with an initial pressure of 1000 mb. The phase change between the water vapor and cloud liquid is assumed to be reversible, and there is no hydrometeor fallout. Unlike BF02, we taper the moisture to zero near the top of the domain to accommodate the present formulation of the hybrid-coordinate model. The model top is currently a constant-u surface, across which the mass flux and, therefore, the latent heating must be zero. The total moisture mixing ratio has a constant value of q T 5 0.02 up to a height of 8500 m, where it tapers to zero by the 9500-m height. The rising thermal remains in the constantmoisture region for the duration of interest in the experiment, so we do not expect the top dry layer to significantly affect the results. The equivalent potential temperature of the unperturbed, environmental air has a constant value of u e 5 320 K. Consistent with the simplified thermodynamic treatment of moisture described in section 2, where the only effect of the presence of moisture is latent heat release, the equivalent potential temperature is expressed as u e 5 ue Lq y /c p T .
The initial state of the thermal is prescribed by a warm perturbation of the potential temperature, given by where
x c 5 10.0 km, z c 5 2.0 km, and x r 5 z r 5 2.0 km. Figure 3 shows the perturbation equivalent potential temperature at initialization and at 840 s into the simulation with the hybrid-vertical-coordinate model. The thermal has a very similar appearance to that of BF02; however, their thermal rises to a height comparable to the one shown in Fig. 3b at a later time of 1000 s. The reason for our faster-rising thermal, and correspondingly larger vertical velocity field, may be due to our neglect of the density effects of moisture and its effect on the gas constant and specific heats. Apparently, this has a significant effect on the evolution of the buoyancy field (at the initial conditions, the buoyancy is identical to that of BF02). When we simulated a dry thermal with the same initial buoyancy as in the moist experiment, we obtained the same results as the dry thermal in BF02.
In this simulation, the hybrid vertical coordinate parameters of (17)-(19) are set at u min 5 280 K and r 5 8, which results in the coordinate being primarily isentropic above the 4-km level. The behavior of the adaptive vertical grid during the thermal's ascent is illustrated in Fig. 3. Isolines of F(u, s) corresponding to 500-m-height intervals of the initial, environmental air are plotted (these coincide with isentropes above ;4 km). The corresponding model levels are also plotted. At the initial conditions (Fig. 3a) , the model levels overlay the F(u, s) isolines, except within the thermal. This is because we chose to initialize the model levels at constant height. We could have followed F(u, s) inside the thermal, but here we demonstrate the flexibility of using a generalized vertical coordinate.
After 840 s of simulation time, Fig. 3b shows that the model coordinate surfaces have departed from their target isentropes. This is due to two effects discussed in section 2 and shown in (23): the Eulerian mass flux across levels associated with coordinate smoothing and the condensational heating, which causes u to change on coordinate surfaces. The latter effect causes the coordinate surfaces to try to follow the rising air of the thermal (note the upward bulge of these surfaces along the vertical centerline) and the descending air along the sides of the thermal (evident by the downward-dipping coordinate surfaces). This shows that the departure from isentropic coordinates in the saturated air has allowed the coordinate to behave in a quasi-Lagrangian manner. It is interesting to note that in a saturated, constant-u e environment, isentropic surfaces remain fixed in height under vertical motion, as shown in Figs. 3 and 4 . This means that if the model coordinate were purely isentropic, the model levels would be fixed in height, just as in a z-coordinate model, and the vertical mass flux would be the same as in an Eulerian-coordinate model. There would be no quasi-Lagrangian benefit to using isentropic coordinates in cloud layers such as in this simulation.
The coordinate smoothing allows the grid to resolve the features of the thermal that could not be captured with a purely isentropic coordinate, such as the negative static stability at the leading edge, and the generally irregular patterns of the isentropes. The prescribed gridsmoothing parameters of (21) and (22), and the coordinate relaxation time constant of (11), are the same as in the Boulder windstorm simulation, except that due to numerical stability, the horizontal diffusion coefficients k 4horiz and k 2horiz are set to lower values in order to accommodate the smaller horizontal grid spacing.
In Fig. 4 the results of the hybrid-and s-coordinate runs at t 5 840 s are shown for comparison. The u and u e 9 fields are very similar in each case, with the main difference being the two ''rotors,'' which develop on the sides of the thermal. In the s-coordinate run, higher-u e 9 air gets wrapped around the bottom of the rotors, making them more coherently structured than in the hybridcoordinate case. One reason for this may be due to the variable vertical grid resolution that develops with the hybrid coordinate. Since the static stability is small in the regions of the developing rotors, the coordinate surfaces are spaced farther apart (Fig. 3b) . In contrast, just below the maximum of u e 9, the static stability is large, and the coordinate surfaces are tightly spaced (Fig. 3b) . c. Idealized moist thermal rising in a conditionally unstable environment
Here, we introduce the idealized thermal to a conditionally unstable environment, shown by the sounding in Fig. 5 , which was measured during the Global Atmospheric Research Program's (GARP) Atlantic Tropical Experiment (GATE) in the summer of 1974 (Kuettner and Parker 1976) . The thermal is initialized as in the previous experiment except that z c 5 2.2 km, and moisture is added so that the relative humidity is horizontally uniform across the bubble. The hybrid-coordinate parameters are also the same, except that r 5 16. The model top is at 18 km, and the coordinate is primarily isentropic above 4 km (Fig. 5a ). The grid spacing and horizontal domain, as well as the smoothing parameters, are the same as before. The atmosphere is initially at rest. Figure 6 shows the convective cloud that has developed at 20 and 30 min into the integration. The cloud and isentropic fields are generally the same between the two coordinate systems. In each case, at t 5 30 min the cloud has topped out at a height of ;11 km, which is the theoretical equilibrium level based on zero entrainment (this can be seen in Fig. 5a by considering a parcel lifted from the surface and conserving its equivalent potential temperature until it equals that of the environment at ;11 km). The cloud water mixing ratio is much larger than is typically observed due to the lack of precipitation in the model. Figure 7 shows the hybrid-coordinate results with the addition of the model coordinate surfaces. This is to show that the grid has adapted to the convection by having allowed mass to flux across the surfaces, keeping them smooth while allowing the isentropes to be deformed by the turbulence. Above and to the sides of the cloud, the isentropes remain attached to the coordinate surfaces. The smoothing algorithm causes the model to behave in an Eulerian manner to represent the turbulent cloud development, while the default quasi-Lagrangian behavior is maintained in the laminar flow of the environmental air. This can also be seen by considering the vertical mass flux (m _ h) across coordinate surfaces, which is shown in Fig. 8 . The mass flux in the s-coordinate model (Figs. 8c and 8d) is largest in the central updraft of the convective tower, and there are contributions due to gravity wave motion to the sides and above the cloud extending up to the model top. The vertical mass flux in the hybrid-coordinate model (Figs. 8a and 8b ) is very similar in the updraft region, but in the environmental air and the stratosphere, the mass flux is almost zero. The positive and negative ''ripples'' to the sides of the cloud top are due to the smoothing contribution _ h S of the generalized vertical velocity in (14).
A question arises as to which coordinate system provides the better solution. The fixed-s coordinate with uniform vertical resolution is more suitable for simulating turbulent flow, so the cloud structures shown in Figs. 7c and 7d may be more accurate than those in Figs. 7a and 7b, which result from moving hybrid coordinate surfaces and nonuniform vertical resolution. However, it is clearly demonstrated that the overall features of the convective cloud are well represented when using the hybrid vertical coordinate. The advantages of the quasiLagrangian u coordinate likely result in more accurate solutions for the environmental air away from the convection.
Summary and conclusions
We have described a method of incorporating latent heating from condensation in a nonhydrostatic, hybrid u-s vertical coordinate model that can be run at high spatial resolution to explicitly simulate cloud processes. The method zeros out the vertical mass flux normally associated with diabatic heating in isentropic coordinates. The result is a more quasi-Lagrangian representation of the flow in saturated air. The deviation of the coordinate surfaces from their target isentropes, due to latent heat release, is brought back to zero after a cloud dissipates by the relaxation method developed in Toy and Randall (2009) . Using the method simplifies the system of equations, compared to that of a pure u-coordinate treatment, and also avoids a computational mode in the vertical heating profile.
Simulations with the hybrid coordinate gave similar results to those with a traditional s coordinate with the same number of model levels. Some of the differences between the two systems may be attributable to the variation of vertical resolution resulting with the isentropic coordinate. In the 11 January 1972 Boulder, Colorado, windstorm experiment, there was an apparent improvement in the vertical moisture transport with the hybrid coordinate, which gave an arguably better representation of the cloud layers that initially develop in the mountain wave. In the idealized deep-convection experiment, the adaptive hybrid coordinate successfully simulated the turbulent nature of the convection, while maintaining the quasi-Lagrangian nature of the isentropic coordinate in the surrounding dry air. The vertical cross-coordinate mass flux is almost zero in the environmental air, as well as in the stratosphere above the convective tower. Since most of the flow in the atmosphere is dry and relatively laminar, these results are encouraging for the use of the quasi-Lagrangian isentropic coordinate in future large-domain, high-resolution models. tendencies due to adiabatic processes and the contribution to latent heating from the horizontal advection of q c . Note that (A3) and (A4) conserve mass and total moisture. In the modified treatment of latent heating, currently used in the model (section 2c), the same system of equations is satisfied except that (A5) is ignored and _ h cond 5 0. Equations (A2)-(A4) and (A11) are then trivially satisfied, and each of the remaining equations contains variables at a single level. As mentioned in section 2c, the system of equations (A1)-(A11) appears to support a computational mode in the generalized vertical velocity and the condensational heating rate. Figure A1 shows the vertical profiles of _ h cond and Q cond along the centerline of the thermal at 10 time steps into the integration for the moist-neutral environmental experiment of section 3b. A zigzag mode quickly develops in both of these fields. The results of the modified latent heating treatment are shown for comparison. The computational mode grows exponentially and the model crashed within 10 additional time steps.
FIG. A1. Vertical profiles (plotted in native h coordinates) of (a) the condensational heating rate and (b) the contribution of the heating to the generalized vertical velocity along the centerline of the thermal at 10 time steps into the integration for the moistneutral, saturated environment (see section 3b). The thin curves are the results of maintaining u coordinates above ;4 km at each time step (the dots represent model levels). The thick dashed curves result from relaxing the u-coordinate requirement by prescribing _ h cond 5 0 (see section 2c).
